A computational study of a series of [Fe(tpy) 
Introduction
Metal polypyridines have been at the forefront of numerous experimental and computational studies focusing on the design of molecular systems that could serve as sensitizers or photocatalysts in various assemblies for solar energy conversion, such as dye-sensitized solar cells (DSSCs)
1,2 and dye-sensitized photoelectrosynthesis cells (DSPECs).
3 Among these, Ru(II)-polypyridines have been examined in the most detail as they are typical sensitizers employed in DSSCs due to their stability, tunability, optimal redox properties, and solar-to-electric power conversion efficiencies (PCE) of over 11%. 2, [4] [5] [6] [7] [8] Unfortunately, ruthenium is a relatively rare and expensive metal, which limits its wide application in photovoltaic and photocatalytic assemblies on a large scale.
Signicant attention has been recently focused on Fe(II)-polypyridines as a replacement for Ru(II)-polypyridine sensitizers. While it was known since about 1998 that Fe(II)-polypyridines are in principle capable of sensitizing TiO 2 semiconductors thanks to the work of Ferrere and Gregg, 9-12 as well as Meyer and coworkers, 13 the rst report of a successful, high-yield sensitization of TiO 2 with an iron complex did not appear until recently.
14 The main obstacle to utilization of Fe(II)-polypyridines as photosensitizers is the short lifetime of their photoactive metal-to-ligand charge transfer (MLCT) states, that undergo ultrafast intersystem crossing into low-lying metalcentered (MC) ligand eld states. [15] [16] [17] [18] Therefore, much effort has been expended on designing iron complexes with increased ligand eld strength, with the intention to destabilize the lowlying ligand eld states and decrease the rate of intersystem crossing. [19] [20] [21] [22] [23] [24] [25] [26] [27] Until now, introduction of strongly s donating carbene ligands proved to be the most successful strategy for increasing the lifetime of the photoactive MLCT states in Fe(II)-polypyridines.
28-31
An interesting and counter-intuitive approach was also taken by Damrauer and coworkers who designed a highly strained Fe(II)-bis(terpyridine) based complex with a quintet ground state and long-lived lifetime of the excited thermalized 5, 7 MLCT state. 32, 33 A downside of this approach is, however, a weak absorption of visible light in the quintet ground state. Thus, while great strides were made in designing viable Fe-based sensitizers, there is still signicant room for improvement.
34-36
Besides the chemical stability and tunability mentioned earlier, an ideal photosensitizer (1) displays panchromatic absorption across all wavelengths of the visible spectrum, including the near infrared (NIR) region, (2) possesses longlived charge-separated (MLCT) states, (3) undergoes efficient electron injection into the semiconductor, and (4) is amenable to efficient regeneration by the redox mediators typically used in DSSCs. Until now, most studies of iron sensitizers have focused on increasing the lifetime of the photoactive MLCT states 19, 30, 31, 33 or rational design of semiconductor surface anchoring groups 37 with the aim to increase the efficiency of interfacial electron transfer (IET) between the excited dye and semiconductor. 14, 31, 36, 38 Comparably little attention has been paid to improving light absorption properties of iron sensitizers or to regeneration of oxidized iron dyes by standard electrolytes, both of which are essential for increasing the external quantum efficiency of DSSCs.
In this work, a computational study focused on improving light absorption properties of Fe(II) polypyridines is reported. A series of [Fe(tpy) 2 ] 2+ (tpy ¼ 2,2 0 :6 0 ,2 00 -terpyridine) based complexes is investigated (see Fig. 1 ), substituted with different electron donor and acceptor groups along the tpy scaffold. Improvement in the absorption properties and progress toward panchromatic absorption is achieved by destabilization of the occupied ligand p orbitals via substitution of p-conjugated electron donating groups onto the terpyridine scaffold. While the highest occupied molecular orbital (HOMO) in traditional Fe(II)-polypyridine complexes possesses metal-localized t 2g character with separate ligand p orbitals at lower energy, destabilization of the ligand p orbitals causes extensive mixing between the ligand p orbitals and metal t 2g levels (see Fig. 2 ).
Further destabilization can invert the ordering of metal t 2g levels and ligand p based orbitals (i.e., causing HOMO inversion), making the HOMO ligand-localized. This leads to dramatic changes in the light absorption properties of substituted Fe(II)-polypyridines, resulting in near panchromatic absorption. We propose that HOMO inversion is an effective strategy for tuning the absorption properties of Fe(II)-polypyridines as well as other metal polypyridine systems.
Methods

Structure optimization
All complexes investigated in this study ( Fig. 1) were optimized in the singlet ground state employing the B3LYP functional 39, 40 and Grimme's D2 dispersion correction. 41 The SDD effective core potential and associated basis set for Fe 42 and the 6-311G* basis set for all other atoms (C, H, O, N, S, Se) 43, 44 were utilized along with a polarizable continuum (PCM) 45 model to include water as implicit solvent. Vibrational frequency analysis was performed for each optimized structure to conrm the local minima at their respective potential energy surfaces. Optimized geometries are provided in the ESI. † All calculations on the molecular complexes were carried out using the Gaussian 09 soware package (revision D). 46 
Absorption spectra and electron density on the linker group
Absorption spectra were calculated with linear-response time dependent DFT (TD-DFT) [47] [48] [49] at the same level of theory as described for optimization. Solvent effects (water) were included in the TD-DFT calculations via the polarizable continuum model (PCM). 50 Singlet excitations for the 50 lowest excited states were computed for the complexes without any donor groups. Seventy singlet excitations were included for complexes containing donor groups in order to obtain the high energy ligand centered (LC) p-p* transitions. The stick spectra were broadened using Lorentzian functions with a half-widthat-half-maximum (HWHM) of 0.12 eV. Excited states with a signicant oscillator strength, f osc $ 0.01, were characterized for wavelength greater than 350 nm. Each transition in the UVvis spectrum can be represented by a set of hole and electron pairs. Only the hole and electron pairs whose contributions add up to 70% were considered for identication of the excited states. While the B3LYP functional tends to overestimate the calculated absorption energies relative to experiment, it was previously shown to provide a good qualitative description of the absorption spectra of metal polypyridine complexes, as well as of the excitation energy trends in a series of related compounds. 51, 52 Absorption spectra for selected complexes (1a, 1c, 1e, 1f, 1h and 1c 0000 ) were also obtained with the CAM-B3LYP 53 functional to eliminate any ambiguity in the analysis based on the choice of functional, as it is more reliable in describing excitations with the charge transfer character.
54
Electron densities on the carboxylic acid substituents that can serve as anchoring groups binding the dye to TiO 2 semiconductor surface were calculated from Mulliken population analysis for the lowest degenerate set of unoccupied orbitals (LUMO). 55 The amount of electron density on the linker in the degenerate LUMO set is directly correlated with the electronic coupling between the conduction band (CB) of the semiconductor and the excited state of the dye characterized by the population of the LUMO. 56 This percent of electron density on the linker can therefore serve as a means to qualitatively determine the impact of donor group substitutions on the initial IET rate due to the choice and position of donor groups as well as position of the carboxylic acid linker on the terpyridine scaffold.
The magnitude of interactions between the metal-based t 2g orbital set and ligand-based p orbitals were estimated by calculating the electron density on the Fe center (r Fe ) for the twenty one highest energy occupied Kohn-Sham (KS) orbitals.
Pyridine-donor model for understanding the effect of donor groups
Perturbations to the KS orbitals of 2,2 0 :6 0 ,2 00 -terpyridine due to various donor groups were investigated using a ligand only model of a pyridine-donor shown in Fig. 3 . The role of the type of the donor group was explored by placing the four donor groups (furan, thiophene, and conjugated thiophenes) at the para position of the pyridine ring. Another model with thiophene at the meta position of the pyridine was employed to understand the impact of donor groups substituted at the 5, 5 00 positions of the terpyridine scaffold. Structures of the pyridinedonor models were constrained to the geometry in their respective Fe-complexes in the 1a-c, 1e and 1f series (see Fig. 1 ).
Results
Photophysical properties of metal polypyridine sensitizers related to their light absorption capabilities, such as the molar extinction coefficients, energies of the lowest energy excited states, and HOMO-LUMO gaps, can be tuned by introducing various donor and acceptor moieties onto their polypyridine ligand scaffold. It is therefore important to determine the ideal positions and types of substituents by studying their effect on the energies and electronic character of the Frontier orbitals (HOMO and LUMO) as well as the HOMO-LUMO gaps. The ability of the photoexcited dye to transfer electrons into the CB of a semiconductor is among other essential properties of dye sensitizers. The amount of electron density on the linker in the excited state is a strong indicator of the strength of electronic coupling between the excited dye and the CB of the semiconductor and consequently the initial IET rate. 56 Therefore, performance of the donor and acceptor groups was gauged by calculating the HOMO-LUMO gaps, Frontier orbital energies, the electron density on the carboxylic linker of the LUMO, as well as UV-vis absorption spectra of selected complexes.
The following sections describe the impact of the selected donor and acceptor group substitutions on the light absorption. The rst section deals with the determination of the best position for the carboxylic acid substituent (i.e., the acceptor group) at the tpy scaffold, while the second section focuses on describing the inuence of p-conjugated donor groups on lightharvesting properties of Fe(II) polypyridine sensitizers. The third section investigates a simple model based on substituted pyridine and provides a deeper understanding of perturbations to terpyridine ligand MO energies and shapes in the presence of p conjugated donor groups. The following (fourth) section then delves into the understanding of metal-ligand interactions in the presence of different p-conjugated donor groups, while the h section focuses on calculations of absorption spectra for substituted complexes. The nal two sections deal with improving the electron density on the carboxylic acid linker group via substitutions of more simple electron donating and withdrawing groups.
Optimal position of the carboxylic acid substituents
An optimal position of the carboxylic acid group on the terpyridine scaffold was determined by comparing the properties of complexes 1a, 3a, and 4a. Since, as shown in the following sections, the substitution of donor groups affects the electronic structure of [Fe(tpy) 2 ] 2+ complexes in the same way irrespective of the position of the carboxylic acid, the optimal substituent position was determined in the absence of the p conjugated donor groups. For all complexes investigated, position of the carboxylic acid linkers does not change the nodal structures of the HOMO, doubly degenerate HOMO-1 and LUMO orbitals (see Fig. S1 in the ESI †). Consequently, we can compare their orbital energies and distribution of electron densities to understand the perturbation caused by the position of the linking group. Energies of the HOMO and LUMO orbitals for complexes 1a, 3a, and 4a are shown Fig. 4 (top panel), along with the HOMO-LUMO gap and electron density on the carboxylic acid linker averaged over a set of two degenerate LUMO orbitals (Fig. 4 , bottom panel). As can be seen in this gure, the substituent position of the carboxylic acid group has a negligible effect on the HOMO and LUMO energies and subsequently on the HOMO-LUMO gap, which varies by at most 0.06 eV across the set. The smallest HOMO-LUMO gap is observed for complex 1a (3.53 eV).
Interestingly, the amount of electron density on the carboxylic acid linker is more sensitive to the substituent position, varying from 1.9-4.6% across the set. Complex 1a (carboxylic acid substituted at 4 0 position) displays the largest amount of the electron density on the linker, approximately double the amount in comparison to complexes 3a and 4a. This trend can be explained based on the number of linking groups attached to the dye. Adding four carboxylic acid groups will delocalize the density on all four linkers, thus signicantly lowering densities on individual linkers capable of attaching the dye to the semiconductor surface. In conclusion, the 4 0 position on the terpyridine scaffold is the ideal position for the carboxylic acid attachment as it maximizes the electron density on the linker in the low-energy excited states, thus improving the electronic coupling between the excited dye and semiconductor.
Inuence of donor groups
Donor groups with various heteroatoms (O, S, Se) as well as different extent of p conjugation (1-3 fused heterocycles) as shown in Fig. 1 were utilized to understand their impact on the electronic and absorption properties of [Fe(tpy) 2 ] 2+ complexes.
While only the thiophene heterocycle was utilized to investigate the effect of extended p-conjugation, results obtained should be applicable to donor groups with any heteroatom. Since the presence of p conjugated donor groups impacts the ground state electronic structure in the same way irrespective of the substituent position on the tpy scaffold, only results for series 1a-f are presented in this section. Data for series 2a-f, 3a-e, and 4a-d can be found in the ESI ( Fig. S2 -S4 †). Note that the effect of extending p conjugation was only studied for series 1 and 2, as these have a carboxylic acid group attached at the optimal 4 0 position as determined in the previous section. Fig. 5 summarizes the changes in the most important electronic properties for various donor substituents for the 1a-f series of complexes. Electron donor substituents do not affect the LUMO energy, while they slightly decrease the percent of electron density on the carboxylic acid linker. Negligible effects of donor group on the LUMO energies can be explained by inspecting the nodal structure of the degenerate pair of LUMO orbitals for complex 1a (see Fig. S1 in the ESI †). As the electron density is mostly concentrated on the central pyridine ring of the tpy group, substitution of the electron donor groups on the side pyridine rings does not signicantly impact the LUMO energies. The average electron density on the donor groups becomes signicant (greater than 10%) in the higher energy unoccupied orbitals (see Fig. S5 and S6 in the ESI †).
While the inuence of donor groups on LUMO energies is negligible, they do have a signicant impact on the HOMO energies. Substitution of furan (1b), thiophene (1c), and selenophene (1d) raises the HOMO energy by 0.35-0.47 eV with respect to complex 1a. Further increase in the HOMO energies is observed for complexes 1e and 1f with donor groups with extended p conjugation (0.60-0.79 eV). Consequently, the HOMO-LUMO gap decreases signicantly in the presence of all donor groups investigated (see Fig. 5 , bottom panel). The overall trend in the decrease of the HOMO-LUMO gaps across the series of 1a-1f complexes was also conrmed via TD-DFT calculations utilizing an approach suggested in previous studies (see Fig. S7 and S8 in the ESI †).
57,58
Interestingly, changing the type of donor group from furan to thiophene to selenophene (complexes 1b, 1c, and 1d, 2+ complexes substituted with carboxylic acid groups. Top: HOMO and LUMO energies. Bottom: HOMO-LUMO gaps (red), and average % of electron density (%r el ) on the linker group in doubly degenerate LUMO (blue). respectively) slightly reduces the HOMO energy and increases the HOMO-LUMO gap. This decrease in the HOMO energy with the type of donor atom can be explained on the basis of the variation in the electronic structure of the donor group, as well as the variation in the atomic size (van der Waals radii of O, S and Se are 48, 88 and 103 pm, respectively) utilizing the model complexes shown in Fig. 3 , discussed in Section 3.3. As the atom size increases the dihedral angle between the donor and the pyridine ring increases. The dihedral angles between the terpyridine group and heterocycle are 0 , 15.8 and 16.8 for furan, thiophene and selenophene, respectively. Since the HOMO is the orbital most affected by the donor group substitution, it is crucial to explain the changes in its energy and nodal structure. Nodal structures of HOMO orbitals for complexes 1a-1f are shown in Fig. 6 . In the presence of a donor group, electron density delocalizes away from the Fe center onto the ligands. The extent of delocalization can be quantied with the percent of electron density on Fe, r Fe , where larger delocalization results in lower r
Fe
. Interestingly, the HOMO energy is inversely correlated with the electron density on the Fe center, as seen in Fig. 7 . Equal sharing of electron density between the metal center and ligands (r Fe $ 50%)
corresponds to the strongest interactions between the t 2g set of Fe orbitals and the occupied p orbitals of the substituted tpy ligand, and is accompanied by an increase in the HOMO energy in comparison to the unsubstituted tpy ligand. As the energies of the ligand-centered p orbitals increase further, the interactions between the metal t 2g and ligand p orbitals decrease. Consequently, the HOMO becomes almost entirely ligandcentered and continues to increase in energy (also see Fig. 2 ). Based on Fig. 7 , the interactions between the metal t 2g set and ligand p orbitals are the strongest for complexes 1b-1d, as r Fe for the HOMO is $50% for these complexes, suggesting an equal sharing of electron density between the metal and ligand. Interactions further decrease as the energies of p donor orbitals increase with the extension of p conjugation of the donor groups (complexes 1e and 1f). Note that interactions between the substituted tpy ligands and Fe center are almost identical for complexes 1c and 1d, possibly due to a similar dihedral angles between the donor heterocycle and tpy (15.8 and 16.8
for 1c and 1d, respectively), and similar electronegativities of heteroatoms (2.58 and 2.55 for S and Se, respectively).
Pyridine-donor models for understanding tpy substitution effects
The perturbation to terpyridine ligand orbitals due to donor group substitutions were studied utilizing a simpler model comprised of a single pyridine with a donor substituent at either the para or meta positions (see Fig. 3 ). MO energy levels and shapes for pyridine and substituted pyridine models are shown in Fig. 8 Ày 2 ) were considered, and variations in their energies due to donor group substitution were monitored. In general, donor group orbitals interact with pyridine p orbitals introducing new bonding and antibonding MO combinations and raising the energy of the HOMO. Detailed molecular orbital diagrams of all pyridine-donor models depicting relevant interactions between the donor and pyridine orbitals are provided in the ESI (Fig. S9 and S10 †) . As seen from the orbital schematics in Fig. 8 , there are three relevant pyridine orbitals -s (HOMO), p 1 , and p 2 (HOMO-1 and HOMO-2, respectively). The p 2 orbital of pyridine interacts with a donor p orbital giving a bonding and antibonding pair. The new p antibonding orbital becomes the HOMO of the pyridine-donor system in place of the s orbital. The same interactions are present between the occupied p orbitals of the tpy and donor groups, raising the energy of the occupied p orbitals of the tpy. Therefore, terpyridine with substituted furan, thiophene, and selenophene groups has occupied p orbitals that are better energetically aligned with the t 2g orbitals on Fe, maximizing their interactions (see Fig. 2 ).
Two factors are responsible for the HOMO energy decrease going from 5b to 5c. First, the occupied p orbital of the donor group that interacts with the occupied p 2 orbital on the pyridine . Fig. 7 Correlation between the energy of HOMO and electron density on Fe for complexes 1a-1f.
becomes lower in energy going from furan to thiophene and selenophene, causing a decrease in the energy of HOMO that corresponds to their antibonding combination (see Fig. S11 in the ESI †). Second, the interaction between the occupied p orbital on the donor group and the p 2 orbital on the pyridine decreases with an increase in the dihedral angle (see Fig. S12 in the ESI †). Therefore, lower energy of thiophene's p orbital as well as the 16 dihedral angle between the pyridine and thiophene are both responsible for the decrease in the HOMO energy of 5c compared to that in 5b.
The HOMOs in tpy ligands substituted with more extended p conjugated donor groups are destabilized to a greater extent, thus reducing the interactions with the Fe t 2g set resulting in the HOMO of the Fe(II) complex itself becoming ligand-centered. These interactions explain why higher HOMO energies and lower HOMO-LUMO gaps are observed in complexes 1b-1f relative to 1a (refer to Fig. 5) .
Another interesting observation is that the presence of donor groups increases the number of p orbitals at the appropriate energy that could interact with the t 2g orbitals on Fe, symmetry permitting. A further increase in this number is seen with increase in donor group conjugation. In the case of highly conjugated donors, the fraction of higher energy orbitals with density localized on the donor also increases. The trends are identical irrespective of the substituent position (meta vs. para) as can be seen in Fig. S10 and S13 in the ESI. †
Electron density on Fe and Fe-ligand interactions
As discussed previously, the interactions of ligand p orbitals with the Fe t 2g orbitals raise HOMO energies and delocalize the electron density away from Fe (also see Fig. 2 ). To illustrate this point further, Fig. 9 , the HOMO energies are also signicantly different between 1c and 1a. Since the energy of the HOMO in 1c is higher and has electron density spread over both metal and ligand, its UV-vis spectrum is expected to be red-shied in comparison to 1a, with mixed metalto-ligand and ligand-centered transitions in the lower energy region. When donor group p conjugation increases going from 1c to 1e and 1f, HOMO and neighboring orbitals now display more than 70% of electron density on the ligand. This is expected to introduce ligand-centered transitions into the low energy region of the absorption spectrum. 
UV-vis absorption spectra
The calculated absorption spectra for 1a, 1c, 1e and 1f are shown in Fig. 10 along with the character of transitions with signicant oscillator strength (f osc $ 0.01) in the visible region (l $ 350 nm). Transitions were classied as metal-centered (MC), metal-to-ligand charge transfer (MLCT), intra-ligand charge transfer (ILCT), or ligand-centered (LC) based on visual inspection. Note that several ILCT transitions also possess interligand charge transfer character, but for simplicity they are all labelled as ILCT in Fig. 10 . Details for each transition (excitation wavelength, oscillator strength, MO contributions) are provided in the ESI (Fig. S15-S18 †) . Mixed character was observed for several transitions; most of these displayed features of both MLCT and ILCT character. Two basic cases of mixed transitions were observed, in which the joint MLCT/ILCT assignment can either imply that the electron density in the hole state is delocalized over both metal and ligand moieties (case 1, see Fig. S19 in the ESI †), or that the transition has contributions from several hole-particle pairs that display either MLCT or ILCT character (case 2).
The calculated UV-vis spectra (see Fig. 10 ) predict remarkable improvements in absorption properties upon substitution of the tpy ligand by donor groups. The absorption spectra of the substituted complexes shi towards longer wavelengths, with most of their transitions displaying a mixed MLCT/ILCT character (compare transition assignments for 1c vs. 1a, see Fig. 10 ). The substituted complexes also display signicant increases in molar absorptivity. Extending the p-conjugation of the substituent groups (going from 1c to 1e and 1f) further enhances the intensity as well as red-shis the spectrum. New transitions with pure ILCT character are also observed for complexes 1e and 1f. These results are consistent with our predictions of a red shi in the absorption spectrum and rise of new ILCT transitions based on r Fe and the energetics of occupied orbitals discussed in Section 3.4. It is also important to note that observations based on the calculated UV-vis spectra do not rely on the use of a particular DFT functional. Absorption spectra calculated with the CAM-B3LYP functional 53 display the same features, i.e., red-shied absorption spectra and increased molar absorptivities (see Fig. S20 in the ESI †) .
Improvements in molar absorptivity observed for substituted Fe(II) complexes are likely due to (1) an increased number of transitions in the lower energy region of the spectrum, and (2) mixed character (MLCT/ILCT) of these transitions. This is supported by the TD-DFT data on the iron-free complex of 1c (i.e., a hypothetical complex consisting of a substituted terpyridine ligand obtained by removal of the central Fe atom and one ligand from complex 1c, labeled as 1c-L) shown in Fig. 11 . While the 1c-L complex displays intense transitions in the higher energy region ($300 nm), the presence of the iron atom is necessary for these transitions to be shied towards the lowerenergy region. Same is true for complexes 1e and 1f -the presence of the metal enhances the ligand-localized transitions and shis them toward the longer wavelengths (see Fig. S21 and S22 in the ESI †). This clearly demonstrates that the involvement of the metal is critical for enhancing the absorption spectrum in the visible region and the metal-free analogues are not predicted to display the same light-absorption properties.
Improving electron density on the LUMO
While the heterocyclic donor substituents do improve the absorption properties of Fe(II)-bis(terpyridine) complexes, they also slightly decrease the electron density on the carboxylic acid group in the degenerate LUMO set (refer to Fig. 5 ), which can adversely affect IET. Therefore, strong electron withdrawing (NO 2 ) and donating (NH 2 ) groups were substituted onto 1a, with the aim to increase the electron density on the acceptor group. The resulting Frontier MO energies, HOMO-LUMO gaps, and % r el are shown in Fig. 12 .
Unlike the heterocyclic substituents, strong electron withdrawing (NO 2 ) and donating (NH 2 ) substituents change energies of both the HOMO and LUMO. Overall, both substituents decrease the HOMO-LUMO gap. The NH 2 substituent (complex 1h) has a more prominent effect, resulting in a HOMO-LUMO gap comparable to that of the complexes with heterocyclic substituents (see Fig. 5 ). Both substituents also strongly affect the electron density on the carboxylic acid linker group. While the NO 2 substitution results in a signicant decrease of electron density (%r el ¼ 0.87 vs. 4.64 in an unsubstituted complex), substitution of NH 2 has an opposite effect (%r el ¼ 6.52). Moreover, the LUMO energy of NH 2 -substituted complex (1h) increases by 0.31 eV compared to 1a. Since the density of states of the TiO 2 conduction band increases nonlinearly with energy, 59 even a 0.31 eV change in the LUMO energy can signicantly impact the IET efficiency. Thus, the main advantages of NH 2 over heterocyclic substituents is that it increases the LUMO energy as well as the electron density on the carboxylic acid linking group in the LUMO, while still decreasing the HOMO-LUMO gap. Due to lack of extended p conjugation, however, the NH 2 substituent will not provide the same orbital mixing and destabilization of terpyridine
NH 2 -functionalized thiophene substituted complexes
As shown in the previous sections, heterocyclic donor groups signicantly improve the light absorption in Fe(II) polypyridine complexes, but are not expected to improve the IET efficiency. On the other hand, the NH 2 substituent favorably modulates the complex's electronic properties (%r el and LUMO energy) that are important for efficient IET. Complexes 1c 0 -1c 0000 (see Fig. 1 ) utilize both NH 2 and thiophene substituents in the molecular design with the aim to improve electronic properties important both for light-absorption and efficient IET. These complexes feature thiophene substituents functionalized with NH 2 at the position 5, 4, or 3 corresponding to complexes 1c 0 , 1c 00 , and 1c 0000 , respectively, as well as functionalized at all three positions simultaneously (1c 0000 ).
Although NH 2 -functionalized thiophene substituents do not affect the LUMO energies and %r el to the same extent as direct substitution of NH 2 onto the tpy scaffold, they still improve these properties relative to an unfunctionalized thiophene substituent. Variations in the frontier orbital energies and %r el due to NH 2 -functionalized thiophene are more noticeable when all three positions of thiophene are substituted (complex 1c 0000 ), refer to Fig. S23 in the ESI. † The LUMO energy increases by 0.24 eV and density on the carboxylic acid linker of LUMO increases by 1.4% in 1c 0000 relative to 1a. The increases in the LUMO energy and density on the carboxylic acid linker are lower than those for 1h (0.31 eV and 1.9%, respectively) but higher than for 1c (0 eV and À0.5%, respectively). As higher electron density on the carboxylic acid linker and higher LUMO energy are some of the important parameters for efficient IET, 37,56,60 we predict that the IET efficiency from the excited states populating the LUMOs of these complexes will follow the order of 1h > 1c 0000 > 1c.
The HOMO-LUMO gap of 1c 0000 is reduced by 0.77 eV relative to 1a, which is a larger change than that for 1c and 1h complexes (0.38 eV and 0.50 eV, respectively). Therefore, the absorption spectrum of 1c 0000 is expected to red shi more compared to the spectrum of 1c and 1h. The calculated UV-vis spectra shown in Fig. 13 are consistent with this prediction. Additionally, 1c 0000 absorbs over a wider range of wavelengths with a better intensity compared to 1c and 1h. Panchromatic absorption in the visible region can potentially improve the light harvesting capability of sensitizers and, in turn, enhance the incident photon-to-current efficiency (IPCE). UV-vis spectra calculated employing the CAM-B3LYP functional display similar features and do not alter this analysis (see ESI, Fig. S24 †) . Fig. 13 also summarizes the character of transitions in the visible region of the absorption spectrum (l $ 350 nm). Molecular orbitals involved in the transitions of 1h and 1c 0000 can be found in the ESI, Fig. S25 and S26. † The amount of electron density on Fe (r Fe ) in the higher energy occupied orbitals for complexes 1a and 1h (see Fig. 14) suggests that the electron distribution does not change signicantly upon the NH 2 substitution and that the HOMO, HOMO-1, and HOMO-2 correspond to the t 2g orbital set Fig. 12 Electronic properties of 1a, 1g, and 1h. Top: HOMO and LUMO energies. Bottom: HOMO-LUMO gaps (red) and average % of electron density on the carboxylic acid in doubly degenerate LUMO (blue).
in both complexes. The main effect of the NH 2 substitution then is the destabilization of MO energies. Therefore, the absorption spectra for 1h and 1a are very similar, with the lowest energy transitions red-shied for 1h.
In the case of the 1c and 1c 0000 complexes, mixed MLCT/ILCT transitions are observed in the lower-energy region of their absorption spectra. Additionally, a larger number of ILCT transitions are present in the spectrum of 1c 0000 in comparison to 1c, since its HOMO-HOMO-5 orbitals are almost entirely ligand localized (see Fig. 14) . The presence of a number of ILCT and mixed MLCT/ILCT transitions is likely behind the higher intensity observed for 1c 0000 . Similarly, the NH 2 -functionalization of the extended p-conjugated thiophenes in 1f increases the intensity and redshis the absorption spectrum in the visible region. The UV-vis spectrum of the NH 2 -functionalized complex 1f as well as the electron density on Fe (r Fe ) for the highest energy occupied orbitals near the frontier region of this complex are shown in Fig. S27 and S28 in the ESI. †
Discussion
An ideal photosensitizer will possess multiple desirable properties. First, it will be stable in its ground, excited, and oxidized states, and undergo reversible oxidation and reduction. It will absorb light in the visible and near-IR region of the spectrum with a high molar absorption coefficient. A good photosensitizer will also possess long-lived photoactive excited states, and undergo efficient interfacial electron transfer into the semiconductor, if used in DSSC or DSPEC devices. Designing an ideal photosensitizer is a complex multi-dimensional optimization problem; an improvement in a single property is no guarantee of an overall good performance. 61 It is, however, desirable to determine structure-property relationships for individual properties, as these can help us to formulate useful strategies for rational design of new chromophores.
Modication of metal polypyridine complexes by ligand substitutions is an important and commonly used approach in the molecular design of chromophores with desired properties. 1, 62, 63 For example, Ru(II) tris-heteroleptic complexes based on substituted bipyridine or 2-phenylpyridine ligands have shown improved absorption properties due to presence of multiple MC, MLCT, and ligand-centered bands in the visible region originating from different ligands. 64, 65 Another common approach is to utilize substituents to extend the p-conjugated system of the polypyridines ligands, thus red-shiing the visible transitions and improving their molar extinction coefficients.
66
This work adopts a similar strategy to explore the impact of electron donor group substitutions on ground and excited state properties of Fe(II)-polypyridine complexes, with the aim to improve their light-absorption properties (i.e., achieve strong and broad absorption in the visible and near-IR region). A strong link between the electronic structure of the dyes, especially the amount of electron density on the semiconductor linker group in the excited state, and the initial IET rates 56,60 also allows us to explore the impact of the ligand modications on the IET efficiency, albeit to a smaller (and less reliable) extent.
This work provides several important insights into the structure-property relationships in substituted [Fe(tpy) 2 ] 2+ complexes. First, only one acceptor group used for the attachment of the dye to a semiconductor should be substituted on each terpyridine ligand, ideally at the 4 0 position of the center pyridine ring. This will result in the highest electron density on the linker in the lowest energy MLCT state, in which the excited electron populates the LUMO. Substitution of strong electron donating groups, such as NH 2 , onto the terpyridine scaffold further increases the amount of electron density on the acceptor group, which is expected to have a positive impact on the initial IET rates. Substitution of either of these groups does not have a considerable impact on the light-absorption properties of the [Fe(tpy) 2 ] 2+ complex.
Second, p-conjugated donor groups, such as thiophene, selenophene, and furan, signicantly improve the light absorption prole of the Fe(II)-polypyridine complexes under study. They do so by destabilizing the occupied p orbitals of the terpyridine ligand, making them energetically better aligned with the metal t 2g orbitals, causing a considerable increase in t 2g -p orbital mixing. This results in the presence of multiple mixed MLCT/ILCT transitions in the visible spectrum, shiing the absorption spectrum of the dye toward the lower energies, broadening it, as well as increasing the molar absorption coefcients of the visible transitions. Donor groups with more extended p conjugation (e.g., thienothiophene, dithienothiophene), will cause further destabilization of the ligand p orbitals and result in a ligand-centered HOMO. This type of "inverted ligand eld", in which the occupied antibonding orbitals are localized more on the ligand than the metal, was described previously 67 and more recently observed in a series of metallacarbatrane complexes of copper. 68 The complex substituted with aryl-based ligands. 69 It is likely that HOMO inversion is responsible for tuning the photophysical properties of this complex as well, however, electronic structure calculations would be necessary to conrm this. Several heteroleptic cyclometalated ruthenium complexes substituted by pconjugated groups, such as triphenylamine-thiophene, 4-pyridine, and thiophene-2-carbaldehyde, prepared by Berlinguette and coworkers also displayed either the HOMO inversion 70 or at least a signicant mixing between the metal t 2g and ligandlocalized p orbitals. 71 In the present work, the predicted improvement in the light absorption properties is more dramatic, likely due to the presence of a larger number of donor groups (four vs. one) as well as the presence of both electron withdrawing and donating groups in a single ligand.
Interestingly, substitution of p conjugated donor groups in Fe(II)-polypyridine complexes has only a small effect on the energies of the LUMO or the electron density on the carboxylic acid linker group, causing a slight decrease in both properties. Finally, an increase in the electron density on the linker group along with improved absorption prole in the visible region, can be achieved by combining both types of substituents into the NH 2 -functionalized thiophenes (see complex 1c 0000 ).
Recently, a great deal of attention has been focused on lengthening the lifetime of the MLCT states of iron polypyridine complexes, with the goal to improve the IET efficiency in Fe(II)-polypyridine sensitized semiconductors. 14, [28] [29] [30] [72] [73] [74] Great strides have been made by utilization of N-heterocyclic carbene (NHC) ligands that signicantly destabilize metal e g s* orbitals, increase the ligand eld strength of the iron complex, and, Fig. 15a along with the spectrum for the same complex substituted with a dithienothiophene donor group (absorption spectra obtained with CAM-B3LYP can be found in the ESI, Fig. S29 †) 3, 33 due to a smaller spatial overlap between the metal-and ligandcentered orbitals caused by longer metal-ligand bond lengths resulting from the high-spin ground state. Interestingly, the substitution of a conjugated thiophene at the 4 0 positions of the terpyridine ligand improves the absorption spectrum of the strained complex as shown in Fig. 15b . In summary, it is clear that light absorption in Fe(II) polypyridines can be ne-tuned by modifying interactions between the metal t 2g and ligand p orbitals. The occupied p orbitals of the terpyridine ligand are close enough in energy to the Fe t 2g orbitals that the strength of metal-ligand interactions as well as energetic ordering of the metal-and ligand-based orbitals can be adjusted by substitutions on the terpyridine ligand scaffold, resulting in dramatic consequences for light-absorption properties. 
Conclusions
This work presents a computational study of the absorption properties of a series of [Fe(tpy) 2 ] 2+ dyes substituted with various electron donor (furan, thiophene, selenophene, thienothiophene, dithienothiophene, NH 2 ) and acceptor groups (carboxylic acid, NO 2 ). The DFT and TD-DFT calculations indicate that the substitution on the tpy ligand scaffold with pconjugated electron donating groups will shi the absorption spectrum to longer wavelengths, broaden the dye absorption in the visible region, and increase the molar extinction coefficient, leading to dyes that absorb sunlight more efficiently. Dramatic changes in the absorption properties of the substituted [Fe(tpy) 2 ] 2+ are primarily due to destabilization of the ligand p orbital energies resulting either in extensive t 2g -p orbital mixing or, ultimately, the HOMO inversion, where the HOMO becomes fully ligand-localized. Additional analysis suggests that substitution of only one electron acceptor group (i.e., the semiconductor linker group) on each tpy ligand will lead to the greatest increase of the electron density localized on this group in the lowest-energy MLCT state, potentially leading to more efficient IET. The presence of electron donating groups, such as NH 2 , will lead to a further increase of electron density on the linker as well as the increase of the ligand-localized LUMO energy.
Finally 
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